The ribonuclease Dicer is a multidomain enzyme that plays a fundamental role in the biogenesis of small regulatory RNAs (srRNAs) The ribonuclease III (RNase III) Dicer is one of the key enzymes involved in the biogenesis of small regulatory RNAs (srRNAs). Dicer processes stem-loop precursors (pre-miRNAs) into short RNA duplexes containing functional 21-23-nt microRNAs (miRNAs) and double-stranded RNAs (dsRNAs) into small interfering RNAs (siRNAs)
. Dicers are multidomain enzymes composed of an N-terminal putative helicase domain (homologous to DExD/H-box helicases), a DUF283 domain (domain of unknown function), a PAZ (Piwi-Argonaute-Zwille) domain, two RNase III domains (RNase IIIa and RNase IIIb) and a dsRNA-binding domain (dsRBD) 1, [12] [13] [14] [15] . To date, functions for almost all of Dicer's domains in srRNA biogenesis have been proposed. The PAZ domain has been found to bind to the 3′ end of a substrate [15] [16] [17] [18] . The N-terminal helicase domain is thought to be involved in discriminating between miRNA and siRNA precursors by interacting with the hairpin loop structures of pre-miRNAs [19] [20] [21] [22] . The RNase IIIa and RNase IIIb domains form a single dsRNA cleavage center that binds miRNA/siRNA precursors and cleaves ~20 base pairs (bp) from their termini 15 . Finally, dsRBD has been shown to play only an auxiliary role in substrate binding and cleavage 15, 19 . In contrast, the function of DUF283 is not well described. Initially, DUF283 was suggested to be critical for pre-miRNA processing because cleavage activity is lost in Dicer mutants lacking both DUF283 and the helicase domain 23, 24 . Later, it was shown that the deletion of only DUF283 increases binding but decreases cleavage of dsRNA substrates by Dicer without affecting the binding and cleavage of pre-miRNAs 25 . Furthermore, structural studies have revealed that DUF283 adopts a fold typical for proteins that bind dsRNAs 26, 27 . Nevertheless, in vitro studies of plant DUF283 from Arabidopsis thaliana Dicer-like protein 4 (At-DCL4) have indicated that this domain does not exhibit any detectable dsRNA-binding activity 27 . Instead, DUF283 has been found to be responsible for interacting with Dicer's protein partners in both plants 27 and mammals 28 . In this report, we demonstrate that the DUF283 from human ribonuclease Dicer (hDicer), similarly to its plant homolog 27 , does not bind dsRNAs even though both domains show structural features characteristic of the dsRNA-binding proteins 26, 27 . We found, however, that human DUF283 is capable of binding single-stranded nucleic acids in vitro. More detailed analyses revealed that DUF283 acts as a nucleic acid annealer that facilitates hybridization between RNA or DNA complementary strands. We found that full length hDicer also shows an annealing activity in vitro. Furthermore, we demonstrated that hDicer supports base-pairing between short RNA and a complementary region present in a longer RNA. The presented findings reveal the complex nature of Dicer, whose functions may extend beyond the biogenesis of srRNAs [29] [30] [31] [32] .
Results and Discussion
DUF283 can bind single-stranded RNAs. hDicer DUF283 was produced in bacteria with the pMCSG7 expression vector ( Supplementary Fig. S1 ) 33 . Previous experiments have revealed that At-DCL4 DUF283 does not bind dsRNA, though it does possess a dsRNA-binding fold 27 . To test whether the human homolog is capable of binding dsRNAs, we performed an electrophoretic mobility shift assay (EMSA) using a 22-bp RNA duplex (R22-cR22). Because DUF283 has been shown to bind Zn 2+ ions 27 , we performed three sets of binding reactions: in buffer containing monovalent ions only (buffer complemented with EDTA), and in the same buffer supplemented with either Zn 2+ or Mg 2+ but lacking EDTA. The 32 P-labeled dsRNA was incubated with increasing amounts of DUF283, and the reaction mixtures were separated by native polyacrylamide gel electrophoresis (PAGE) and visualized by phosphorimaging. The data collected showed that hDicer DUF283 did not bind dsRNA regardless of the buffer used (Fig. 1a) .
Because only the dsRNA substrate was applied in the experiment described above, we performed analogous experiments in which the dsRNA was replaced with single-stranded RNA (ssRNA) or single-stranded DNA (ssDNA) to determine whether DUF283 is able to bind other forms of nucleic acids. In the first experiment, we used an siRNA/miRNA-sized, 22-nucleotide (nt)-long ssRNA (R22). The 32 P-labeled R22 was denatured and then incubated with increasing amounts of DUF283 for 15 min at 4 °C (Fig. 1b) . In addition, several sets of control reactions were performed (Fig. 1c,d ), in which DUF283 was either substituted with bovine serum albumin (BSA) or exchanged with a protein preparation from E. coli cells transformed with the empty pMCSG7 expression vector (EP) purified using the same procedure as that for recombinant DUF283 (Fig. 1c) . The results shown in Fig. 1b demonstrated that DUF283 was capable of binding the 22-nt ssRNA. To determine whether the capacity of DUF283 to bind ssRNA depends on the length of the ssRNA, we performed additional experiments involving 12-, 32-, 52-and 62-nt-long ssRNA species (Fig. 2a-e ). Moreover, we tested whether the formation of the DUF283-ssRNA complex depends on the presence of monovalent or divalent ions (Na + , Mg 2+ , Zn 2+ ) ( Supplementary Fig. S2 ). We found that DUF283 was able to bind all of the tested ssRNAs in a concentration-dependent manner. Moreover, DUF283-ssRNA binding was not influenced by the presence or absence of divalent metal ions. For the 12-, 22-and 32-nt-long ssRNAs, we observed one band corresponding to the DUF283-ssRNA complex, though the 12-nt ssRNA binding was very weak. For the 52-nt ssRNA, in addition to a band corresponding to the DUF283-ssRNA complex, we also found smeared bands and well-complexes (material that did not migrate out of the wells). With regard to the reaction involving the 62-nt ssRNA and DUF283, we observed mostly smeared bands along the entire lane and well-complexes (Fig. 2e) . The experiments with longer ssRNAs were repeated several times; however, we never observed clear bands when we analyzed the reaction mixtures containing DUF283 incubated with > 60-nt ssRNAs by native PAGE. Thus, we speculate that under the applied experimental conditions, DUF283 and longer RNA molecules formed a range of complexes. In general, we found that: (i) DUF283-ssRNA binding is not efficient -for each tested ssRNA, less than half of the substrate was bound at the highest DUF283 concentration used (approximately 8.0 μM); and (ii) for short ssRNAs (12-, 22-nt) only, we did not observe DUF283 aggregation (smeared bands or well-complexes). Considering the results above, we attempted to determine the K d value for the DUF283-ssRNA complex in the experiment involving mi/siRNA-sized 22-nt ssRNA (R22) and DUF283 at concentrations ranging from 0.5 to 20.0 μM. As shown in Fig. 2f , the K d value for the DUF283 and 22-nt ssRNA complex was 9.5 ± 0.5 μM. Previously, Wostenberg et al. 34 and Doyle et al. 35 have reported that the isolated dsRBD from hDicer binds ~20-bp RNA duplex with K d ≈ 6.5 μM and > 8.0 μM, respectively. In addition, the K d values for the full length hDicer and different ~20-nt ssRNAs have been established 36 . The values of these K d range from approximately 0.13 to 3.0 μM. Altogether, our data indicate that DUF283 binds 22-nt ssRNA with a similar affinity as dsRBD binds ~20-bp dsRNAs, and with much lower affinity as full length hDicer binds ~20-nt ssRNAs.
Finally, we determined that DUF283 also binds a 29-nt-long ssDNA with an efficiency comparable to that observed for ssRNAs of similar lengths (Fig. 2g) .
DUF283 accelerates the annealing of complementary RNA or DNA strands. The results of the experiments presented above indicated that DUF283 interacts with single-stranded nucleic acids. Interestingly, the results obtained in one control experiment revealed the formation of an additional product migrating slightly more slowly than R22 ( Fig. 1d ; the product indicated with the arrow). In this experiment, R22 was incubated with DUF283; however, in contrast to the results presented in Fig. 1a -c, the reaction products were separated in a buffer containing sodium dodecyl sulfate (SDS), which denatures proteins but not nucleic acids. A more detailed analysis showed that R22 molecules are capable of forming imperfectly complementary duplexes (Fig. 1d) ; the putative duplexes were not formed when R22 oligomers were incubated in buffer only or when R22 oligomers were incubated with BSA (Fig. 1c) . Thus, one could speculate that under the given reaction conditions, DUF283 functioned as a nucleic acid annealer. To test this hypothesis, three pairs of complementary oligomers were used. The first pair included perfectly complementary 22-nt ssRNAs (R22-cR22), the second pair included imperfectly complementary 22-and 21-nt ssRNAs (cR22-cR21), and the third included perfectly complementary 29-nt ssDNAs (D29-cD29) ( Fig. 3a-c; respectively) . One oligonucleotide of each pair was always 32 P-labeled at the 5′ end; the corresponding molecules were mixed in annealing buffer, in molar ratio of approximately 1:50 between 32 P-labeled and unlabeled oligomers, and incubated for 5, 15 or 30 min with increasing amounts of DUF283 at room temperature. Control reactions either lacked DUF283 ( Fig. 3 ; lines marked with [C-]) or contained BSA instead of DUF283 ( Supplementary Fig. S3a-c) . In the control experiments, the duplexes were generated most effectively for D29-cD29 ( Fig. 3c and Supplementary Fig. S3c ), less effectively for R22-cR22 ( Fig. 3a and Supplementary Fig. S3a ), and slightly above the detection level for cR22-cR21 ( Fig. 3b and Supplementary  Fig. S3b ). The observed efficiencies of hybridization between the complementary oligonucleotides correlated well with the free energies calculated for the respective duplexes: − 35.0 kcal/mol for D29-cD29; − 33.9 kcal/mol for R22-cR22; and − 24.2 kcal/mol for cR22-cR21. We also found that in all reactions containing DUF283, the fractions of annealed oligonucleotides were significantly increased in both a protein concentration-and time-dependent manner (Fig. 3) .
To determine the rate of annealing reactions, we performed time-dependent assays involving DUF283 at a 500 nM concentration and three pairs of the tested oligonucleotides ( Fig. 4a-c) . To reduce the spontaneous annealing between complementary oligomers that was observed earlier (see Fig. 3 and Supplementary Fig. S3 ), we changed the molar ratio between 32 P-labeled and unlabeled oligomers to 1:20. As expected, spontaneous annealing of the complementary oligomers was significantly decreased for each pair. The duplexes were formed upon the addition of DUF283 with an initial velocity (V 0 ) of 0.36 ± 0.17 nM min −1 for R22-cR22 ( Fig. 4a) , 0.21 ± 0.10 nM min −1 for cR22-cR21 ( Fig. 4b ) and 0.42 ± 0.18 nM min −1 for D29-cD29 (Fig. 4c ). These results indicate that the initial reaction rate measured at saturating DUF283 concentration (~500 nM) was: the highest for perfectly complementary 29-nt ssDNAs; slightly lower for perfectly complementary 22-nt ssRNAs; and the lowest for imperfectly complementary 22-and 21-nt ssRNAs. Importantly, the determined V 0 values well correlated with free energies calculated for each pair of the tested oligonucleotides; i.e., the highest initial reaction rate was observed for the duplex with the lowest free energy (D29-cD29) and the lowest, for the duplex with the highest free energy (cR22-cR21). Although the initial reaction rates determined for three pairs of the tested oligonucleotides differed, the overall annealing efficiency after 30 min incubation with DUF283 was similar for all of them.
Ribonuclease Dicer acts as a nucleic acid annealer. The experiments described above involved only DUF283, a single hDicer domain. We sought to determine whether the complete hDicer would also support the annealing of complementary strands in vitro. Thus, the three pairs of complementary oligonucleotides used in the previous experiments were also applied in annealing assays with full length hDicer produced in a baculovirus system ( Supplementary Fig. S4 ). Each pair of complementary oligonucleotides was incubated in annealing buffer with increasing amounts of hDicer for 30 min at room temperature; the negative control reactions lacked hDicer (Fig. 5) . We observed that, similarly to DUF283, hDicer facilitated hybridization of complementary oligomers, and an increase in hDicer concentration was accompanied by an increase in the double-stranded product. Interestingly, this tendency was observed up to an hDicer concentration of approximately 200 nM. In contrast to DUF283 (Fig. 3) , the further increase of the hDicer concentration reduced the effectiveness of the annealing process (Fig. 5) . Because we did not detect duplex unwinding activity for either DUF283 or hDicer under the applied conditions ( Supplementary Fig. S5 ), the observed effect could be explained by the fact that full length hDicer, in addition to DUF283, also contains other RNA/DNA-binding domains. These domains may bind oligonucleotides present in the reaction mixtures, precluding their effective base-paring. This observation is consistent with the K d values for hDicer-ssRNA and DUF283-ssRNA complexes presented earlier, which indicated that hDicer binds ssRNAs more efficiently than DUF283.
To compare the annealing activities of DUF283 and hDicer, we performed annealing assays using serial protein dilutions. Based on the results obtained from three independent experiments, for each reaction, we calculated the percentage ratios between the double-stranded (duplexed) and single-stranded (non-duplexed) fractions of the labeled strand. The average percentage content of the double-stranded fraction was plotted against the molar concentrations of DUF283 or hDicer; dashed lines were drawn for the values obtained in control experiments with BSA (Fig. 6 ). For each tested pair, we calculated the maximum increase in the double-stranded fraction (Δf ds ) induced by the addition of either DUF283 or hDicer. DUF283 displayed a similar annealing efficiency at corresponding concentrations regardless of which pair of duplexes was used in the assay. The same effect was observed for hDicer.
A comparison of DUF283-and hDicer-assisted annealing showed that in the range from 0 to 100 to 150 nM concentration of either DUF283 or hDicer, annealing proceeded with similar efficiencies. For all tested oligomer pairs (applied at the concentrations of ~2 nM for the 32 P-labeled oligomer and ~100 nM for the complementary non-labeled oligomer), the maximum efficiency of annealing was observed at an hDicer concentration of approximately 100-150 nM. At hDicer concentrations above 150 nM, for all tested pairs, we observed a gradual decrease of annealing efficiency until near-baseline levels were reached (Figs 5 and 6 ). In contrast, for DUF283 at 150 nM and higher concentrations, annealing efficiency increased continuously until reaching a plateau at a DUF283 concentration of ~500 nM (Fig. 6) . Although the maximum efficiency of annealing was achieved with a much lower concentration of hDicer compared with that of DUF283, we found that the DUF283 annealing capability was almost twice that of hDicer (see the Δf ds parameters for DUF283 and for hDicer in Fig. 6 ). This observation is consistent with the earlier reports indicating that hDicer contains several domains diversely involved in single-and double-stranded RNA/DNA binding. Accordingly, one can speculate that at least some of these domains might compete with DUF283 for ssRNA binding and this way reduce the level of ssRNA available for DUF283. This competition might not significantly affect the hDicer-mediated annealing at low hDicer concentrations because the high excess of the complementary oligomer was used in our assay. In line with the above hypothesis, the increase in hDicer concentration above a certain threshold resulted in a gradual reduction of the annealing efficiency.
So far, the tertiary structure of the DUF283-RNA complex remains unknown. Thus, one cannot predict which amino acid residues of DUF283 are involved in its annealing activity. Therefore, we attempted to determine whether the annealing activity is also displayed by the Dicer homolog from Giardia intestinalis, which lacks the DUF283 domain. Giardia Dicer (GiDicer; often called minimal Dicer) is composed of the N-terminal domain, called platform 18, 37 , PAZ and two RNase III domains, but it lacks some of the domains and regions characteristic of Dicers in higher eukaryotes 13 . The annealing reaction involved the perfectly complementary RNA pair (R22-cR22). The 32 P-labeled R22 was mixed with cR22 in annealing buffer and incubated for 5, 15 or 30 min with ~150 nM of GiDicer or ~150 nM of hDicer (Fig. 7) . The control reactions lacked either protein. This experiment revealed that, in contrast to hDicer, GiDicer did not exhibit annealing activity. This result does not prove that the annealing activity of hDicer is solely triggered by DUF283; nevertheless, one can hypothesize that annealing activity has emerged in Dicers of higher eukaryotes.
Both isolated DUF283 and complete hDicer support base-paring of short RNA with a complementary fragment of longer RNA in vitro . How RISC finds its target RNA remains enigmatic. Extensive studies of RISC-mediated siRNA-target interaction have revealed that these interactions are more complex than simple nucleic acid hybridization and that, presumably, some factors within RISC facilitate target recognition through as-yet-unknown mechanisms 38, 39 . Although it has been shown that Ago2 may drive miRNA/siRNA duplex unwinding [40] [41] [42] , data collected by other groups have suggested that RISC possesses no ability to unfold RNA secondary structures and that transcript cleavage by RISC is limited by the reduced accessibility of the target site in mRNA for the guiding siRNA 43 . Nevertheless, in these previous studies, the authors used a minimal RISC consisting of Ago2 and the guiding siRNA. Although some research groups have suggested that Dicer dissociates from Ago2 after the latter is loaded with an RNA duplex 44 , other groups have reported that Dicer is present in RISC and may stimulate processing of target RNA by Ago2 9, 10 . Thus, the role of Dicer in coupling mi/siRNA biogenesis and post-transcriptional gene silencing remains elusive. Interestingly, we noted that oligonucleotide annealing occurred with the highest efficiency at similar hDicer concentrations, at which the maximum rate of hDicer substrate cleavage was achieved (approximately 100-150 nM) (Supplementary Fig. S6 ). This result suggests that these two activities might be functionally correlated.
To explore the possibility that Dicer might be involved in post-transcriptional gene silencing, we sought to determine whether DUF283 and full length hDicer were able to support base-paring of a short ssRNA with a complementary region of a longer ssRNA. In this experiment, we used 21-nt ssRNA (cR21) and a 58-nt ssRNA (R58) with a stem-loop structure. The stem region of R58 contained 19-nt sequence complementary to cR21 (Fig. 8a) . Prior to the reaction, R58 was incubated at 95 °C for 5 min and then slowly cooled to room temperature to ensure proper folding. Then, 32 P-labeled cR21 was mixed in annealing buffer with an equimolar amount of R58. Increasing amounts of either DUF283 or hDicer were added to the reaction mixture, which was further incubated for 30 min at room temperature. DUF283 or hDicer was replaced with BSA in the control reactions (Fig. 8b-d) . Both DUF283 and hDicer facilitated hybridization between cR21 and R58 in a concentration-dependent manner (Fig. 8b,c, respectively) . Importantly, cR21-R58 binding was not observed in the control reactions (Fig. 8d) . At high hDicer concentrations, in addition to the bands corresponding to cR21 and the cR21-R58 duplex, we also observed products stacked in the wells (Fig. 8c) . These products were presumably super-shifted complexes composed of cR21, R58 and hDicer that were not denatured under the applied PAGE conditions. Such well-complexes were not observed for DUF283. In general, hDicer facilitated cR21-R58 duplex formation less efficiently than DUF283 alone (Fig. 8b,c) . As discussed above, this result may be explained by hDicer activity possibly being split between two competing processes, namely the annealing by DUF283 and the binding by other hDicer domains. Nonetheless, more detailed studies are needed to determine whether hDicer domains other than DUF283 (e.g., the helicase domain) might also contribute to this annealing activity. According to the literature, annealing may be considered to be an ATP-dependent or -independent reaction [45] [46] [47] . Although we showed that DUF283/hDicer-assisted annealing occurred independently of ATP, the influence of ATP on the observed activity should be further explored. It is also notable that all reactions were performed in annealing buffers containing Zn 2+ ions, which have been shown to inhibit Mg 2+ -dependent substrate cleavage by RNase III-type enzymes ( Supplementary Fig. S7 ) without blocking substrate binding 48 . Thus, one can hypothesize that Zn 2+ ions may switch Dicer between the cleavage-and annealing-competent states.
In this report, we demonstrated that the DUF283 domain of hDicer binds single-stranded but not double-stranded nucleic acids. We also found that the isolated DUF283 domain as well as hDicer may act in vitro as a nucleic acid annealer that accelerates base-pairing between complementary fragments of two nucleic acids. The obtained results also suggested that DUF283/hDicer may relax the local secondary structure. However, we cannot at present explain the mechanism underlying the observed phenomenon and can only hypothesize that DUF283/hDicer might influence the structure of single-stranded nucleic acids via transient interactions, resulting in an annealing-competent state. Such a mode of action has been proposed for several nucleic acid annealers with dsRNA-binding motifs 46, 49 similar to the motif identified in DUF283. It has been shown that such proteins exhibit strand-annealing activity with complementary RNAs that do not anneal spontaneously [50] [51] [52] . Considering the available tertiary structures of DUF283 26, 27 , this domain may interact with various single-stranded nucleic acids through a group of positively charged amino acids present on the surface of the β -sheets that constitute a portion of the α -β -β -β -α fold, which is referred to as a dsRNA binding motif. Nevertheless, as stated above, it remains unclear which particular amino acid residues might contribute to the RNA/DNA binding/annealing activity of DUF283.
Our in vitro results suggest that Dicer might function as a chaperone-like protein. Interestingly, chaperone machinery has been shown to be indispensable for effective RISC functioning 11 . Clearly, more detailed studies are needed to ascertain whether Dicer can function as a typical chaperone protein in vitro and in vivo. Additionally, it has been recently shown that Dicer can bind to specific stem-loop structures present within coding sequences and 3′ untranslated regions of various transcripts without performing dicing 53 . These stem-loop structures have been termed "passive Dicer-binding sites". Conceivably, srRNA-associated Dicer may target complementary sequences present in such passive sites, thereby controlling the translational machinery as well as the fate of targeted transcripts. Given the stoichiometric model of miRNA function reported by Janas et al., a large portion of miRNA molecules are not bound by Ago proteins 54 . Thus, it is possible that Dicer may also function independently of RISC and that miRNAs may bind to mRNAs in the absence of Ago but with the assistance of Dicer.
Methods
Oligonucleotides. Oligonucleotides were purchased from FutureSynthesis; the sequences are provided in Supplementary Table S1 . The 5′ -32 P oligonucleotide labeling by T4 Polynucleotide Kinase (Promega) was performed as described in Kurzynska-Kokorniak et al. 30, 31 . The 32 P-labeled oligonucleotides were PAGE-purified with 8% denaturing polyacrylamide gels and resuspended in water to final concentrations of approximately 10,000 cpm/μL. For the RNA duplex used in the binding or duplex unwinding assays, 32 P-labeled R22 (or cR22) was hybridized with 10 pmoles of water-diluted cR22 (or cR21) by heating and slow cooling the mixtures from 90 °C to 4 °C. Next, the reaction mixtures were PAGE-purified with 12% native polyacrylamide gels to obtain pure, double-stranded fractions free of single-stranded species.
DUF283 production and purification. The DUF283 cDNA, which corresponds to the 128-amino acid (aa) sequence located between 625 and 752 aa of hDicer, was amplified by PCR using a purchased plasmid encoding a complete Homo sapiens Dicer1 ribonuclease type III sequence (PubMed, NM_030621) (GeneCopoeia). The fragment obtained was cloned into the pMCSG7 vector (courtesy of Laboratory of Protein Engineering, Institute of Bioorganic Chemistry, Polish Academy of Sciences), which introduces a His6 tag at the N-terminus of the protein. DUF283 was expressed in E. coli strain BL21Star (Thermo Fisher Scientific) in standard Luria-Bertani (LB) medium. The cells were induced with 0.4 mM IPTG and cultured for 17 hours at 18 °C with shaking. The cell pellets were lysed and purified with Ni 2+ -Sepharose High Performance beads (GE Healthcare) with an imidazole gradient (0.02 M-1 M) in 0.05 mM Tris buffer (pH 8.0) supplemented with 0.5 M NaCl, 0.1% Triton X-100, and 5% glycerol. The next step of purification was performed using a HiTrap Q HP column (GE Healthcare). DUF283 was eluted and then concentrated in a buffer containing 0.05 M Tris (pH 8.0) 0.25 M NaCl, 0.1% and Triton X-100. The protein purity was assessed by SDS-PAGE, and the band corresponding to a putative DUF283 was cut out of the gel (Supplementary Fig. S1 ) and then analyzed by mass spectrometry (Supplementary Materials).
hDicer production and purification. A cDNA encoding the complete Homo sapiens Dicer1 ribonuclease type III sequence (PubMed accession number NM_030621) was purchased from GeneCopoeia. The full length human Dicer (hDicer) coding sequence was cloned into the pFastBac vector, which introduces a His6 tag at the N-terminus of the protein. Bacmids for insect cell transfection were generated using the Bac-to-Bac ® Baculovirus Expression System (Life Technologies). For protein expression, Sf9 insect cells were infected with a recombinant baculovirus and collected after 3 days. The cells were lysed, and hDicer was purified by Ni 2+ affinity chromatography (Ni-NTA Agarose, Qiagen) followed by ion-exchange chromatography (HiTrap Q HP, GE Healthcare). Finally, the sample was concentrated using Amicon filters (Merck). The protein purity was assessed by SDS-PAGE followed by western blot analysis with an anti-His-tag or anti-hDicer antibody (Supplementary Fig. S4 ). The protein was concentrated and stored at − 20 °C in 20 mM Tris-HCl (pH 7.5) supplemented with 50 mM NaCl and 50% glycerol. The ribonuclease activity of hDicer was assessed in a standard cleavage assay.
hDicer immunoblot analysis. The protein suspensions were analyzed by SDS-PAGE followed by immunoblotting. For immunoblotting, two types of antibodies were used: mouse monoclonal (13D6) against human Dicer (Abcam) or rabbit polyclonal against the His6 tag (Abcam). Immunoreactive proteins were visualized using horseradish peroxidase (HRP) conjugates and enhanced chemiluminescence (ECL).
DUF283 binding assay.
The reactions were carried out in 10-μL volumes. DUF283 (0.5; 4.0; 8.0 μM) was added to 10,000 cpm of 32 P-labeled RNA, DNA or dsRNA and incubated in binding buffer (150 mM NaCl, 20 mM HEPES (pH 8.0), 0.05% Triton X-100, 15% glycerol) for 15 min on ice. Before being added to the reaction mixtures, RNA or DNA oligomers were denatured for 3 min at 90 °C and rapidly cooled on ice. Control reactions were prepared with BSA (1.0, 5.0 and 10 μM) or a protein preparation obtained from E. coli cells transformed with the pMCSG7 plasmid (EP, empty plasmid) expressing only a 26-aa peptide comprising the His6-tag and the TEV protease cleavage site sequence (volumes equal to the volumes of the DUF283 preparations). Control reactions were carried out in supplemented buffers contained either 0.2 mM ZnCl 2 or 2.5 mM MgCl 2 , 50 mM EDTA, or 10 mM phenanthroline (phen). The reactions were separated on 5% native polyacrylamide gels at 4 °C in 1 × TBE running buffer. The data were collected using a Fujifilm FLA-5100 Fluorescent Image Analyzer and quantified using MultiGauge 3.0 (Fujifilm).
Annealing assay. The reactions were carried out in 10-μL volumes. In each reaction set, except as otherwise stated, the nucleotide pair contained 10,000 cpm (approximately 20 fmol) of the 32 P-labeled molecule and ~1 pmol of the complementary strand. Corresponding molecules of each pair were mixed in DUF283/BSA annealing buffer (75 mM NaCl, 25 mM Tris-HCl (pH 8.1), 0,05% Triton X-100, 15% glycerol, 0.2 mM ZnCl 2 ) or hDicer annealing buffer (50 mM NaCl, 20 mM Tris-HCl (pH 7.5), 0.2 mM ZnCl 2 ) and incubated for 30 min, unless stated otherwise, at room temperature with serial dilutions of DUF283 (10-700 nM), hDicer (10-650 nM), BSA (10 nM-1 μM) or Giardia Dicer (PowerCut Dicer, Thermo Scientific). The reactions were stopped by the addition of SDS to a final concentration of 0.2% and separated by native gel electrophoresis on 12% polyacrylamide gels at 4 °C in 1 × TBE running buffer. The data were collected using a Fujifilm FLA-5100 Fluorescent Image Analyzer and quantified using MultiGauge 3.0 (Fujifilm). To prove that the upper bands observed in the gels represented the duplexes formed by the tested oligonucleotides, several sets of experiments were carried out (see Supplementary Materials).
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Duplex unwinding assay. The reactions were carried out in 10-μL volumes. The RNA duplex (cR22-cR21) was incubated in annealing buffer with increasing amounts of DUF283 (10; 300; 600 nM) or hDicer (10; 300; 600 nM) for 30 min at room temperature. The reactions were stopped by the addition of SDS to a final concentration of 0.2% and separated by native gel electrophoresis on 12% polyacrylamide gels at 4 °C in 1 × TBE running buffer. The data were collected using a Fujifilm FLA-5100 Fluorescent Image Analyzer and quantified using MultiGauge 3.0 (Fujifilm) (Supplementary Fig. S5 ).
hDicer cleavage assay. The hDicer cleavage assay was performed in a 10-μL volume in buffer containing 20 mM Tris-HCl (pH 7.5), 250 mM NaCl and 2.5 mM MgCl 2 ; 10,000 cpm of 32 P-labeled pre-miR-210 was incubated with hDicer (10-650 nM) at 37 °C for 30 min. A control reaction contained 50 mM EDTA. In addition, a negative control reaction with no added enzyme was carried out under the same conditions to test the integrity of the substrate during the incubation. The reactions were stopped by the addition of 1 volume of 8 M urea loading buffer and heating for 5 min at 95 °C; the samples were separated on a 15% polyacrylamide/8 M urea gel. The data were collected using a Fujifilm FLA-5100 Fluorescent Image Analyzer and quantified using MultiGauge 3.0 (Fujifilm) (Supplementary Fig. S6 ).
Comparison of the influence of Mg
2+ and Zn 2+ on hDicer cleavage activity. The reactions were prepared in 10-μL volumes. hDicer (2 pmol) was pre-incubated in buffer containing 20 mM Tris-HCl (pH 7.5), 250 mM NaCl and either 2.5 mM MgCl 2 , 0.1 mM ZnCl 2 , or no divalent cations for 5 min at 4 °C. Next, the reaction mixtures containing Mg 2+ were supplemented with ZnCl 2 to a final concentration of 0.1, 0.2, or 0.5 mM. Analogously, the reaction mixtures containing Zn 2+ were supplemented with MgCl 2 to final concentrations of 1.0, 2.0, or 5.0 mM. All reaction mixtures were incubated for an additional 5 min at 4 °C. Cleavage reactions were initiated by the addition of 0.2 pmol of 32 P-labeled pre-miR-210 and were further incubated for 30 min at 37 °C. The reactions were stopped by the addition of 1 volume of 8 M urea loading buffer and heating for 5 min at 95 °C; the samples were then separated on a 15% polyacrylamide/8 M urea gel. Data were collected using a Fujifilm FLA-5100 Fluorescent Image Analyzer and quantified using MultiGauge 3.0 (Fujifilm) (Supplementary Fig. S7 ).
Data analysis. The amount of the 32 P-labeled substrate (ssRNA or ssDNA) and the double stranded product (dsRNA or dsDNA) were determined from the intensity of the respective bands in the gels measured by MultiGauge 3.0 software (Fujifilm). Time courses for strand annealing were fitted by numerical integration. The initial velocities were obtained as, V 0 = (d [dsRNA]/dt)t = 0 from the slopes of the fitting curves at their zero time.
